Aims Demography and spatial distribution of shoots are rarely studied on pruned trees. The present 2-year study deals with the effect of pruning strategies on shoot demography and development, and consequences on the spatial distribution of leaf area in three architecturally contrasted -from type II to IV -apple cultivars: 'Scarletspur Delicious', 'Golden Delicious' and 'Granny Smith'. † Methods All trees were initially subjected during 5 years to Central Leader training with winter heading on all long shoots. For 2 years, half of the trees were further trained with Centrifugal training, where removal of flowering shoots -called extinction pruning -was carried out along the trunk and at the bottom of branches at flowering time. During these 2 years, shoot type (vegetative, inflorescence) and length, and the three-dimensional spatial distribution of all shoots were assessed with an electromagnetic digitizer. † Key Results Shoot demography, frequency of transitions toward an inflorescence from either an inflorescence (bourse-over-bourse) or a vegetative shoot (trend toward flowering), and the number of bourse-shoots per bourse were strongly affected by cultivar, with little influence of tree manipulation. In contrast, the proportion of vegetative long shoots developing from previous year latent buds was significantly lower in Centrifugal-trained trees for the three cultivars. Canopy volume showed large variations between cultivars, but only that of 'Granny Smith' was affected by tree manipulation in the 2 years. Spatial distribution of shoots varied significantly according to cultivar and manipulation. In 'Scarletspur Delicious' and, to a lesser extent 'Golden Delicious', the distribution of vegetative and flowering shoots in the outer and the inner parts, respectively, was not affected by tree manipulation. In contrast, in 'Granny Smith', vegetative shoots were stimulated in the periphery of Central Leader trees, whereas flowering shoots were stimulated in the periphery of Centrifugal-trained trees. † Conclusions In apple, the variability of responses to contrasted pruning strategies partly depends on the genetically determined growth and flowering habit of the cultivar.
INTRODUCTION
Fruiting habits of apple trees have been investigated in several past studies (Bernhard, 1961; Lespinasse, 1977 Lespinasse, , 1980 Looney and Lane, 1984) . Lespinasse and Delort (1986) classified apple trees according to their fruiting types (e.g. position of flowering on shoots, terminal vs. lateral flowering, shoot length and orientation of growth) and position of branches along the trunk (basitony vs. acrotony). This typology has been used to analyse flowering patterns of existing cultivars (Lespinasse, 1977 (Lespinasse, , 1980 . It has also been used to describe tree architecture in progeny, leading to the proposal of four ideotypes, from type I or 'columnar type' with upright branches, high branching density and lateral flowering, to type IV with pendant branches, low branching density and terminal bearing (Lespinasse, 1992; De Wit et al., 2004) . It is likely that the architectural components underlying these ideotypes are complex. Previous studies showed that the shoot growth rhythm (Costes et al., 1995; Lauri and Térouanne, 1995, 1998; Costes et al., 2003) and annual shoot length (Lauri and Trottier, 2004 ) determine in part flowering in the lateral vs. terminal position, and in the latter case inflorescence size and fruit set (Ferree and Palmer, 1982; Rom and Ferree, 1984; Proctor and Palmer, 1991; Lauri et al., 1996) .
Flowering and vegetative growth may be modified by training and pruning (Johnson and Lakso, 1986; Rom and Barritt, 1990) . Winter pruning increases vegetative growth and decreases yield in the following season depending on the severity of pruning (Elfving and Forshey, 1976;  * For correspondence. E-mail lauri@supagro.inra.fr Elfving, 1990; Barden and Marini, 1998) . It also influences the position of inflorescences with regard to vegetative growth, e.g. heading cuts may dissociate flowering from vegetative areas by enhancing vegetative growth in the outer part of the tree canopy and keeping inflorescences inside the canopy (Tustin et al., 1988; Hoying and Robinson, 2000) . This may have deleterious effects on fruit quality.
Different methods of pruning according to the length of the eliminated organs, their type (flowering vs. vegetative shoots) and the timing of cutting have been described (Barritt, 1992) . However, all pruning techniques tend to reduce the excessive vegetative growth, at least in the short term. An architectural analysis of these procedures shows that the effects of pruning also vary with the architectural level at which it is done: the removal of a portion of a long shoot (e.g. heading or shortening cuts sensu Barritt, 1992) usually prompts a strong reiteration process, leading to vegetative shoot growth (Hallé et al., 1978; Lauri, 2002) , whereas the complete removal of 1-year-old short lateral shoots tends to stimulate growth of the remaining shoots and fruit set of adjacent inflorescences (Lauri and Térouanne, 1999) . These findings led to the proposal of pruning strategies based on the removal of flowering shoots at a young stage of growth, with less pruning of old branches (Lauri et al., 1997a (Lauri et al., , b, 2004 Lauri, 2002) . This procedure is called artificial extinction or, more commonly, extinction pruning. It increases leaf area of remaining shoots and light interception by the tree canopy through a decreased shoot density and a better distribution of shoots in space . From a physiological point of view, this procedure would then improve the physiological autonomy of the flowering shoot, especially during the period preceding June drop, by enhancing carbon assimilation necessary for current fruit and bourse-shoot growth and flower initiation in the terminal bud of the bourse-shoot . Note that bourse is the usual name of the small and bulging shoot bearing the apple fruit and that bourseshoots are axillary shoots that develop from this bourse during the same year.
In this study the shoot demography and spatial distribution of leaf area were compared in two contrasted training systems: (a) the Centrifugal training system with extinction pruning carried out in the tree centre and on the underside of branches to improve light penetration within the tree ; and (b) the Central Leader system with annual heading and shortening cuts of all long shoots situated in the periphery of the tree with the objective of reducing the size of the lateral branches that compete with the leader (Heinicke, 1975) . Although the former system allows free growth of branches with a low density of laterals and a more oblique habit, the latter stimulates vegetative and upright shoot growth (Fig. 1) . The objective of the study was to characterize the influence of tree manipulation on the architectural features of the tree for a range of apple cultivars. More precisely, the aim was to analyse the effects of cultivar architectural ideotype and manipulation on (a) shoot type (vegetative, inflorescence), demography and shoot length; (b) sequence of lateral development over 2 years; and (c) spatial distribution of shoots.
MATERIALS AND METHODS

Plant material
The experiment was situated in the Bekaa valley, Lebanon, at 900 m above sea level in the American University of Beirut research field (Haouch Sneid; 33895 0 N; 36802 0 E). Trees were planted in 1999 in a randomized block design and consisted of three two-tree plots for each cultivar, one plot per row. Trees were grafted on M7 rootstock. The orchard layout was 4 Â 3 . 5 m with South-North row orientation. Agricultural practices included irrigation with mini-sprinklers, standard fertilization and spraying.
In winter 2004, three cultivars belonging to contrasted ideotypes according to Lespinasse (1992) typology were selected: 'Scarletspur Delicious' (type II), 'Golden Delicious' (type III) and 'Granny Smith' (type IV). 
Training methods
Since plantation, trees were trained to obtain a Central Leader (Heinicke, 1975) . Heading of the leader was done for the first year in order to obtain a stronger trunk made of consecutive reiterated complexes. One-third of the 1-year-old lateral shoots was headed back to reduce the competition of branches with the trunk. Only shoots competitive with the trunk were headed back. The same practices were applied to the three cultivars. Tree morphology was contrasted and was highly related to the cultivar ( Fig. 1) : (a) very compact and small trees for 'Scarletspur Delicious' with weak vigour as soon as the tree started to fruit; (b) intermediate tree size for 'Golden Delicious' with no obvious dominance of the trunk and most of the inflorescences located in the inner part of the tree; and (c) larger trees with vigorous vertical branches with secondary bending for 'Granny Smith'.
For each cultivar, six healthy trees (two trees per row) were selected. In each pair, one tree was trained as previously described to a Central Leader (L), and a Centrifugal training system (C) was applied to the other one.
Centrifugal training included the following steps. In the first year (2004) , all the shoots and buds along the trunk and on the underside of branches were removed to make a light well. Extinction pruning led to an average of 30-35 flowering buds per branch to approximate the expected number of fruits on Central Leader trees. All branches along the trunk were kept. In the second year (2005), there was almost no re-growth at sites where extinction pruning was carried out. Complementary extinction pruning was carried out if needed to reach the same crop load as in 2004.
Extinction pruning on C trees and shortening cuts on L trees were performed before full bloom and before bud burst, respectively. In both treatments, fruit thinning was carried out to keep one fruit per inflorescence.
Shoot demography assessment and sequence analysis
A demographic approach was carried out at harvest from August to October in 2004 and 2005, depending on the cultivar, using the methodology developed by Sinoquet and Rivet (1997) and adapted to apple by Willaume et al. (2004) . An electromagnetic digitizing device (Fastrak w , Polhemus; Colchester, VT, USA) was used with the adapted software POL95 (Adam, 1999) . This methodology allowed three-dimensional (3D) spatial positioning of each individual shoot by recording the spatial coordinates of shoot proximal and distal ends and deriving shoot length and orientation angles. For each shoot category (see below), a sample of ten shoots per cultivar showing a large range of size was randomly collected from the trees of each treatment. It was used to compute allometric relationships between shoot length (obtained from digitizing), and (a) the number of leaves and (b) shoot leaf area. Shoot leaf area was estimated by scanning leaves and measuring their area with image processing software Scion Image. Since there were no significant differences between the two treatments, data were merged, giving rise to 20 shoots per shoot type and per cultivar.
In 2004, annual shoots were divided into two types according to previous literature (Lauri and Kelner, 2001; Willaume et al., 2004) : flowering shoot (FS), which was split into bourse (B) and associated bourse-shoot(s) (BS), and vegetative shoot (VS). BS and VS were split into short and long shoots, denoted by SBS and LBS, and SVS and LVS, respectively. For BS and VS, the threshold of 4 cm was used to discriminate long from short shoots.
In the second year of the experiment, 2005, the same description was used on each 2005-shoot and on the parent 2004-shoot which bore it through either terminal growth or the branching process, or below pruning cuts. In the latter case, this was mainly on L-trees. When there was no FS or VS subtending the 2005-shoot, it was assumed that the shoot issued from a 2004-latent bud (L).
Shoot sequences over 2 years were defined to characterize shoot dynamics. Parameters of bourse-over-bourse (b) and trend toward flowering (f ) were used to quantify the tendency to make an FS in year i þ 1 from either an FS or a VS produced in year i, respectively (Lauri et al., , 1997a : Two other sequences were used to characterize awakening of latent buds (Lauri et al., 1997a) . Parameter 4 estimated the proportion of latent buds in year i that gave rise to VS in year i þ 1 among all latent buds in year i broken in year i þ 1:
] is the number of latent buds in year i leading to a VS in year i þ 1, and
is the number of latent buds in year i leading to a VS or an FS in year i þ 1. Parameter l computed the proportion of VS and FS in year i þ 1 coming from latent buds in year i among all VS and FS in year i þ 1:
Finally, the number of bourse-shoots per bourse was analysed.
Spatial distribution of leaf area
As leaves were not digitized, they were generated by using the method of Sonohat et al. (2006) , which allows reconstructing the foliage of trees digitized at shoot scale. The method uses allometry relationships and empirical distribution functions to reconstruct tree foliage properties. The method output is the spatial distribution of leaves, where size, spatial coordinates and orientation angles are generated for each leaf. The method has been carefully assessed in the case of peach trees (Sonohat et al., 2006) , where the spatial distribution of the foliage was shown to be correctly simulated from the reconstruction method. The method has also been previously used for apple trees . From the leaf distribution, further computations were used to summarize the spatial information. First the minimum and maximum values of leaf coordinates along each axis (X, Y, Z ) were computed, in order to define the bounding box of the tree. The box was then virtually divided into cubes, the sides of which were 0 . 2 m. In computer graphics jargon, the cubes are called voxels, i.e. a nickname for 'volume element' (e.g. Reche et al., 2004) . Leaves were assigned to voxels according to their spatial coordinates. The cumulated volume of vegetated voxels was assumed to quantify canopy volume (Phattaralerphong and Sinoquet, 2005) . Canopy volume was computed for the whole foliage, and for FS and VS, separately. The sum of canopy volumes occupied by the FS and VS may be greater than tree volume, because FS and VS may share some common canopy space, which is counted as a contribution to both FS and VS volumes. Consequently, the difference between the sum of FS and VS volumes and tree volume is the canopy volume occupied simultaneously by FS and VS. Spatial coordinates of leaves were also used to compute vertical and radial profiles of leaf area per 0 . 2 m layer. The vertical profile was computed from the base of the bounding box (z min ). The radial profile was computed from the crown base (z min ) at the trunk location (assumed to be x mean and y mean of the bounding box). All profiles of leaf area were computed separately for FS and VS.
Statistical analyses
All statistical analyses were carried out using SPSS software (SPSS version 11 . 5, SPSS Inc., 2002) . The following variables were subjected to analysis of variance (ANOVA): (a) proportions of shoot types, i.e. LVS and SVS, bourse, LBS and SBS, and number of BS per B; (b) parameters of bourse-over-bourse, trend toward flowering, latent buds leading to vegetative shoots and proportion of growing shoots coming from latent buds; and (c) volume of the tree, fraction of the tree volume occupied by VS and FS, and simultaneously occupied by FS and VS. Eventually the spatial distribution of leaf area within each tree canopy was summarized as follows: the cumulated leaf area of VS and FS as a function of height ('vertical profile' indexed by the distance from the orchard floor) and as a function of the distance from the trunk at the base of the crown ('radial profile') planes was computed. To avoid extreme values due to isolated branches, especially in C-trees of 'Granny Smith', statistical tests were carried out on distances corresponding to 50 % of cumulative leaf area. Cultivar and tree manipulation were considered as main factors. Since there was no significant tree effect, it was discarded from the model, as were the interactions between these factors. Duncan's multiple range test was computed when the cultivar effect was significant. The comparison between tree manipulations was performed with a two-sample t-test. Comparison for dependent samples, such as the LVS length borne by pruned parent shoots on the same L-tree for the three cultivars, was performed with a paired t-test (Table 6) . Results with P ,0 . 05 were considered to be statistically significant.
RESULTS
Shoot demography
Tree manipulation did not significantly affect the proportion of shoot types in both years ( Table 1 ). The proportion of B according to the number of BS per bourse was significantly influenced by the cultivar, except the 'zero BS' class in 2005, but was not influenced by tree manipulation (Table 2) . 'Scarletspur Delicious' had a significantly higher proportion of B with more than one BS, and a lower proportion of B with only one BS in both years. 'Golden Delicious' and 'Granny Smith' showed similar figures in 2004, but in 2005 'Granny Smith' had the lowest proportion of B with one BS while 'Golden Delicious' had the lowest proportion of B with more than one BS. Cultivar significantly influenced the proportion of long shoots, whether LBS or LVS, in the two years (Table 1) In all cases, 'Scarletspur Delicious' had significantly fewer long shoots (LBS and LVS) than 'Golden Delicious' and 'Granny Smith' in both years. 'Granny Smith' had higher proportions of B (although nonsignificant in 2005) and LBS than the other two cultivars.
Sequence of shoot development over 2 years
There was a significant effect of tree manipulation on bourse-over-bourse (b), with higher values on L-trees compared with C-trees but without significant effect on the length of BS (Table 3) . Trend toward flowering (f ) was not significantly changed by tree manipulation, but there was a significant increase of the length of VS supporting a terminal inflorescence on C-trees compared with L-trees (Table 3) .
Bourse-over-bourse (b) was significantly higher for 'Granny Smith' compared with 'Scarletspur Delicious' and 'Golden Delicious'. It occurred more frequently from LBS on 'Golden Delicious' than on 'Scarletspur', with 'Granny Smith' in the intermediate position.
There was no significant difference in the trend toward flowering (ḟ ) between cultivars. However, trend toward Superscript letters indicate significant differences between pruned and non-pruned 2004-shoots of the merged three cultivars, paired samples t-test at P , 0 . 05. flowering occurred significantly more on LVS for 'Granny Smith' than for 'Golden Delicious' and 'Scarletspur'.
When a 2004-latent bud developed in 2005, it mainly gave rise to a VS (v ) without a significant effect of cultivar or tree manipulation (Table 4) . However the proportion of 2005-shoots developing from 2004-latent buds (l) was significantly affected by tree manipulation although there was no significant effect of the cultivar.
Vegetative shoot length
Due to the low number of long bourse-shoots for 'Scarletspur Delicious' (data not shown) and the absence of significant differences between 'Golden Delicious' and 'Granny Smith' for this trait, only vegetative long shoots were considered. For all cultivars, there was a significant effect of tree manipulation on shoot length, with longer shoots on L-trees compared with C-trees (Table 5 ). In the former case, the length of vegetative shoots was also dependent on the pruning status of the parent shoot: 2005-LVS branched on 2004-pruned shoots were significantly longer than 2005-LVS branched on 2004-non-pruned shoots (Table 6 ).
Spatial distribution of leaf area
The spatial distribution of shoots was affected by both cultivar and tree manipulation, with more leaning and bent shoots in C-trees than in L-trees, leading to higher canopy volume, especially for 'Golden Delicious' and 'Granny Smith' (Fig. 1) . These effects could be quantified by the following variables: total canopy volume, and relative volume occupied by, and distribution of, FS and/or VS. There was a significant effect of the cultivar on canopy volume, with values for 'Golden Delicious' and 'Granny Smith' around 3-fold greater than for 'Scarletspur Delicious', without significant effect of tree manipulation in both years (Table 7) . The relative volume occupied by leaves of FS ranged between 30 and 75 %, and was not significantly influenced either by cultivar or by tree manipulation (Table 7) . In contrast, the relative volume occupied by leaves of VS was significantly influenced by the cultivar in both years, with higher values for 'Scarletspur Delicious' and 'Golden Delicious' compared with 'Granny Smith'. From 20 to 46 % of canopy volume was simultaneously occupied by FS and VS, with no significant influence of the cultivar or tree manipulation (Table 7) . However, the distribution of leaf area density of FS and VS was almost spatially uncorrelated, which indicated some spatial separation in both types of shoots, and without significant effect of cultivar and tree manipulation on these correlations (data not shown).
Cultivars were clearly discriminated by vertical and radial profiles of leaf area, with half of total leaf area below 1 m and within 1 m from the trunk in 'Scarletspur Delicious', whereas it was between 1 and 1 . 8 m from the ground and between 1 and 1 . 5 m from the trunk for 'Golden Delicious' and 'Granny Smith' (P , 0 . 01 for both profiles, data not shown; see Figs 2 and 3). Since for both leaf area distributions the respective effects of year, treatment and shoot type differed between cultivars, analyses were carried out on each cultivar independently. Concerning the vertical profile of leaf area, the only significant effect in 'Scarletspur Delicious' was shoot type with VS above FS ( Fig. 2A) , whereas in 'Granny Smith' it was year, with a higher canopy in 2005 compared with 2004 (Fig. 2C) . In 'Golden Delicious', all variables had significant effects, with higher trees in 2005 compared with 2004, higher C-trees compared with L-trees, and higher VS compared with FS (Fig. 2B) .
Concerning the radial profile of leaf area, there was no significant effect of year (Fig. 3A -C) . 'Scarletspur Delicious' was characterized by a significant effect of shoot type, with an outward development of VS compared with FS (Fig. 3A) . 'Granny Smith' was characterized by a significant effect of tree manipulation, with a larger canopy for C-trees compared with L-trees (Fig. 3C) . There was no effect of either variable on the radial distribution of leaf area for 'Golden Delicious' (Fig. 3B) .
DISCUSSION
The respective effects of cultivar and tree manipulation were analysed on several architectural traits, especially flowering, of apple trees over 2 years using a digitizing method which permitted the creation of a database of shoot types and position in space.
There was a significant effect of the cultivar on shoot demography and 2-year shoot sequence. These results confirmed previous findings describing apple ideotype characteristics (e.g. higher bourse-over-bourse in type IV compared with type II cultivars; Looney and Lane, 1984; Lespinasse, 1992; Lauri and Lespinasse 1993; Lespinasse and Delort, 1993; Lauri et al., 1997a) . The present study further showed that the number of bourse-shoots per bourse could be suggested as another discriminating factor among apple cultivars.
A significant effect of tree manipulation was shown on the behaviour of latent buds and shoot length. L-trees were characterized by a significantly higher proportion of Results of the ANOVA are given for each graph.
shoots, originated mainly on the side of shoots that were subjected to heading cuts in the previous winter.
From an architectural point of view, regular heading cuts would therefore induce the formation of reiterated complexes (Hallé et al., 1978; Fisher and Hibbs, 1982) , which renewed the structural vegetative framework of the tree. Tree manipulation could also affect the flowering pattern, and Centrifugal training has been shown to increase return-bloom at whole-tree level and especially bourse-over-bourse . This was not observed in the present study, and could be attributed to the fact that in the first year of the experiment tree manipulation on C-trees removed older flowering shoots in the tree centre that had a greater capacity for bourse-over-bourse compared with the younger reproductive shoots on the external part of the canopy (Lauri et al., 1997a) . The distribution of leaves in a fruit tree canopy has usually been studied through the use of horizontal and vertical transects across the canopy (e.g. Sansavini and Corelli, 1992) or a laser-assisted canopy scanning device (e.g. Wünsche and Lakso, 2000) , which permit only a 2D representation of the tree canopy. In the present study, whole-tree digitizing, although involving higher labour costs than the abovementioned studies, proved to be efficient to obtain detailed information on the 3D distribution of shoot and leaf area. It was shown here that the architectural disjunction between vegetative and flowering shoots characterizing type II cultivars to which 'Scarletspur Delicious' belongs (i.e. flowering occurs on poor vegetative growth; Lauri and Laurens, 2005; Costes et al., 2006) corresponded to a spatial disjunction between shoot types, with vegetative shoots in the outer part of canopy and flowering shoots in the inner part with no influence of tree manipulation (Figs 2A and 3A) . A similar trend was noticed in the type III cultivar, 'Golden Delicious'. On the other hand, the distribution of vegetative and flowering shoots was affected by tree manipulation in type IV cultivar 'Granny Smith': vegetative shoots were stimulated in the periphery of Central Leader trees, whereas flowering shoots were stimulated in the periphery of Centrifugal-trained trees (Figs 2C and 3C) , with a significant radial development of C-trees compared with L-trees. Both traits were related to the flowering behaviour of 'Granny Smith' ('tip-bearing' cultivar with a high proportion of bent shoots; Lespinasse, 1977; Forshey et al., 1992) . These contrasted reactions to tree manipulation bring more support to the idea that to optimize fruiting of the apple tree, training systems should be adapted to the cultivar intrinsic growth and flowering habit (Lauri and Laurens, 2005) .
In conclusion, this study clearly showed that although each cultivar has its own architectural characteristics, tree manipulation may significantly affect shoot type population and shoot leaf area distribution in space. The study therefore suggested that research on canopy architecture and eventually light climate (Wünsche and Lakso, 2000; Willaume et al., 2004) , especially in relation to flowering (Sansavini and Corelli, 1992; Palmer and Warrington, 2000) , should integrate tree cultivar-related architectural reactions to pruning and training procedures.
